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ABSTRACT
We collected over 6000 high-resolution spectra of four dozen field RR Lyrae (RRL)
variables pulsating either in the fundamental (39 RRab) or in the first overtone (9 RRc)
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2 Bono et al.
mode. We measured radial velocities (RVs) of four strong metallic and four Balmer lines
along the entire pulsational cycle and derived RV amplitudes with accuracies better than
1−2 km s−1. The new amplitudes were combined with literature data for 23 RRab and
3 RRc stars (total sample 74 RRLs) which allowed us to investigate the variation of
the Bailey diagram (photometric amplitude versus period) when moving from optical
to mid-infrared bands and to re-cast the Bailey diagram in terms of RV amplitudes. We
found that RV amplitudes for RRab are minimally affected by nonlinear phenomena
(shocks) and multi-periodicity (Blazhko effect). The RV slope (logP–A(Vr)) when
compared with the visual slope (logP–A(V )) is shallower and the dispersion, at fixed
period, decreases by a factor of two. We constructed homogeneous sets of Horizontal
Branch evolutionary models and nonlinear, convective pulsation models of RRLs to
constrain the impact of evolutionary effects on their pulsation properties. Evolution
causes, on the Bailey diagram based on RV amplitudes, a modest variation in pulsation
period and a large dispersion in amplitude. The broad dispersion in period of the
Bailey diagram is mainly caused by variation in RRL intrinsic parameters (stellar mass,
chemical composition). Empirical evidence indicates that RV amplitudes are an optimal
diagnostic for tracing the mean effective temperature across the RRab instability strip.
Keywords: stars: horizontal-branch — stars: oscillations — stars: variables: RR Lyrae
— techniques: radial velocities
1. INTRODUCTION
The RR Lyrae (RRLs) are a very popular
group of radial variables, because they can be
easily identified thanks to the coupling between
the pulsation periods (0.25. P .1.0 days) and
the shapes of their light curves (Da Costa et al.
2010; Monelli et al. 2017).
RRLs pulsate in three different flavors: funda-
mental (RRab), first overtone (RRc) and mixed
mode (pulsating simultaneously in the funda-
mental and in the first overtone). The Bailey
diagram (Bailey et al. 1919)—luminosity ampli-
tude versus logarithmic period—is a fundamen-
tal plane to identify the RRL pulsation mode.
In this plane RRc variables cover the short pe-
riod, low amplitude domain, and the shape of
their amplitude-period relationship displays ei-
ther a ”bell” or a ”hairpin” shape (Bono et al.
2011; Kunder et al. 2013; Fiorentino et al. 2017).
The RRab variables cover the long-period, large
amplitude area and display a well defined de-
crease in luminosity amplitude as period in-
creases.
The Bailey diagram has also been the cross-
road of a long-standing astrophysical problem,
the so-called Oosterhoff dichotomy, identified
over 80 years ago (Oosterhoff 1939). RRLs in
Globular Clusters (GCs) can be split accord-
ing to their mean periods in two groups: the
Oosterhoof type I (OoI), with < Pab >∼0.56,
< Pc >∼0.31 days, and the Oosterhoof type II
(OoII), with < Pab >∼0.66, < Pc >∼0.36 days.
Subsequent investigations identified a similar di-
chotomic distribution for the RRc, albeit with
a difference of only ∼0.05 days. Spectroscopic
studies demonstrated that OoI GCs are more
metal-rich and have a smaller ratio of RRc to
total number of RRL than OoII GCs. More re-
cently, Fabrizio et al. (2019) found a linear cor-
relation between mean period and metallicity;
thus, suggesting that this dichotomy is a natu-
ral consequence of the lack of Galactic, metal-
intermediate GCs rich in RRLs.
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RRL luminosity amplitudes steadily decrease
when shifting to longer wavelengths. However,
the amplitude attains an almost constant value
at wavelengths longer than the K-band. This
behavior is caused by the fact that luminos-
ity amplitudes in the optical bands are mainly
driven by temperature variations, while in the
near-infrared (NIR)/mid-infrared (MIR), they
are mainly driven by radius variations (Madore
et al. 2013; Neeley et al. 2017).
The Bailey diagram relies on two observables
that are independent of distance and redden-
ing. The RRL distribution in the Bailey di-
agram depends on their intrinsic parameters
(stellar mass, luminosity, effective temperature)
and chemical composition, but it is also af-
fected by degeneracies caused by three differ-
ent phenomena. i)—Secondary modulations—
Empirical evidence suggests that a fraction of
RRL are affected by a secondary modulation
(Blazhko effect, Blazˇko 1907) with a time scale
ranging from tens of days to a few years. This
fraction in large samples (in the Galactic Bulge)
ranges from ∼6% for RRc to ∼40% for RRab
(Netzel et al. 2018; Prudil & Skarka 2017). This
means that the position of an RRL in the Bailey
diagram can change by several tenths of a mag-
nitude along the Blazhko cycle. The Blazhko
effect partially explains why the RRL display,
at fixed pulsation period and chemical compo-
sition, a well defined intrinsic spread in luminos-
ity amplitude. ii)—Evolutionary phase—RRLs
are low-mass helium burning stars and during
this evolutionary phase they evolve off the Zero-
Age-Horizontal-Branch (ZAHB). In their evo-
lution they experience changes both in effec-
tive temperature and in surface gravity. These
changes cause a variation both in pulsation pe-
riod and in luminosity amplitude. We still
lack empirical evidence concerning the variation
of the position in the Bailey diagram directly
caused by evolutionary effects. iii)—Nonlinear
phenomena—Theory and observations indicate
that RRLs experience violent shocks approach-
ing maximum compression (Preston et al. 2019).
Shocks are strongly affected by the variation of
the efficiency of convective motions (Bono &
Stellingwerf 1994). This is the reason why RRab
amplitudes display a steady decrease close to
the red edge of the instability strip (IS, Bono
et al. 1997; Braga et al. 2016).
The main aim of this investigation is to study
the physical mechanisms affecting the distribu-
tion of RRLs in the Bailey diagram.
2. SPECTROSCOPIC AND
PHOTOMETRIC DATASETS
The largest and most homogeneous sub-
sample of high resolution (HR) spectra was
collected with the Las Campanas Observatory
du Pont echelle spectrograph. It includes
6,206 HR (R ≡ λ/δλ =35,000) spectra of 192
RRLs. Their typical SNR, in the optical regime
(λ=5,100 A˚), is ∼40.
These spectra were augmented with 272
HR (R=34,540–107,200, SNR∼20; 68 RRLs)
UVES@VLT spectra; 41 medium–resolution
(R=4,300-18,000, SNR∼44; 18 RRLs) X-
Shooter@VLT spectra; 166 HR (R=115,000,
SNR∼10; 5 RRLs) HARPS@3.6m spectra
and 55 HR (R=48,000, SNR∼4; 3 RRLs)
FEROS@2.2m (ESO, Chile) spectra.
Additionally we included HR spectra from
SES@STELLA (15, R=55,000 , SNR∼35;
1 RRL), HRS@SALT (82, R ∼40,000,
SNR∼50; 70 RRLs), and HARPS-N@TNG
(10,R=115,000, SNR∼40; 4 RRLs).
In total we collected 6,572 spectra for 316
RRLs. Among them, 48 RRLs have a
good/optimal coverage of the pulsation cycle
(6,226 spectra). We label these variables as
RV calibrators. These data were complemented
with RV curves for 26 field and cluster RRLs
available in the literature from Baade-Wesselink
(BW) analyses (Storm et al. 1994; Bono et al.
2003). We ended up with a sample of 74 (62
RRab, 12 RRc) RV calibrators (see Table 1).
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The periods from literature are usually pre-
cise enough to provide good phasing of the RV
curves. However, we derived the pulsation pe-
riod from RV measurements for 2 RRab and
1 RRc. We adopted Gaia G-band amplitudes
(Gaia Collaboration et al. 2018; Marrese et al.
2019) transformed into the V band by using the
equations provided by Evans et al. (2018). We
also used V -band photometry from ASAS (Po-
jmanski 2002), ASAS-SN (Shappee et al. 2014;
Jayasinghe et al. 2018) and from Catalina (Tor-
realba et al. 2015; Drake et al. 2013a,b).
The optical photometry was combined with
MIR W1-band photometry collected with NE-
OWISE (Mainzer et al. 2011). The MIR light
curves have very good phase coverage (∼120
phase points), and good photometric preci-
sion (σW1 ≤0.05 mag). Optical and MIR
light curves were fitted with analytical functions
(splines, PLOESS, Fourier parameters) follow-
ing the same approach by Braga et al. (2018).
The photometric amplitudes are based on the
analytical fits.
3. RADIAL VELOCITY MEASUREMENTS
To measure RVs we chose three Fe i lines,
from the multiplet 43, at λ= 4045.81, 4063.59,
4071.74 A˚ and the Sr ii line at λ= 4077.71 A˚.
These metallic lines were strong enough to be
easily identified in most spectra even at very
low SNR or very high effective temperatures,
enabling us to trace the whole pulsation cy-
cle using individual spectra, i.e. without co-
adding spectra. We also used four Balmer lines
(Hα, Hβ, Hγ, Hδ, λ= 6562.80, 4861.36, 4340.46,
4101.74 A˚). The RVs were measured following
the same approach employed by Fabrizio et al.
(2011).
Figure 1 shows RV curves for the RRab,
V Ind, and the RRc, MT Tel. The RV mea-
surements plotted in this figure display the ex-
pected difference between metallic and Balmer
lines (Preston 1959); the RV amplitudes for the
latter ones are systematically larger (see also
Figure 9 of Chadid et al. (2017) for montages
of RV and photometric phase plots). The dif-
ference is caused by the physical conditions at
which the different lines form: smaller the op-
tical depth the larger, the RV amplitude. The
difference among Hα and metallic lines ranges
from 50% for MT Tel to almost a factor of two
for V Ind. In spite of the difference in ampli-
tude, the secondary features (bumps, dips) ap-
pear to be largely co-phased.
We analytically fit the RV curves by using the
PLOESS algorithm (Braga et al. 2018). The
cyan lines in Figure 1 show these curves. Note
that RVs for V Ind based on Hγ show a well
defined “spike” around phases 0.70−0.76, near
its point of minimum radius, as implied by the
optical and MIR light curves of this star in the
top panels of Figure 2.
This secondary spike feature was predicted by
pulsation models (see Figs. 3, 16 in Bono &
Stellingwerf 1994 and Fig. 12 in Marconi et al.
2015) suggesting that it is associated with the
formation and propagation of shocks. Note that
the duration of the spike is ∼25 minutes and we
succeeded in tracing it only because the du Pont
spectra were collected with exposure times of
400±200 seconds. Moreover, exposure times
for V Ind are ≈30% shorter than the mean,
since it has a brighter mean visual magnitude
(V= 9.92± 0.05 mag). A similar feature is also
present among other Balmer (mainly Hβ, Hδ)
and metallic (mainly Sr) lines, but it is less pro-
nounced.
Note that the absolute minimum in RV for
V Ind takes place, due to the phase lag (Cas-
tor 1971) at the same phases of the absolute
maximum in the light curves. However, the
absolute minimum in luminosity is not at the
same phases of the absolute maximum in RV.
Indeed, the latter takes place around the phases
in which the optical light curves show a well
defined bump. The difference appears to be
caused by the interplay between the shock prop-
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Figure 1. Panels a) and b): Radial velocity curves versus phase for the RRab V Ind based on metallic
lines Fe i (λ: 4045.81, 4063.59, 4071.74 A˚) and Sr ii (λ: 4077.71 A˚), and on Balmer (λ: 6562.80, 4861.36,
4340.46, 4101.74 A˚) lines. Measurements based on different spectrographs are marked with different colors.
The cyan lines show the analytical fits. The RV amplitude (A(Vr) km s
−1) and the pulsation period (days)
are also labeled. Panels c) and d): Same as the top, but for the RRc MT Tel.
6 Bono et al.
Figure 2. Top: Optical (V , left) and MIR (W1,
right) light curves for the RRab V Ind. The optical
data were provided by ASAS-SN (Shappee et al.
2014; Jayasinghe et al. 2018), while the MIR ones
by NEOWISE (Mainzer et al. 2011). The thin red
lines show the analytical fits. Bottom: Same as the
top, but for the RRc MT Tel.
agation and the increased efficiency of the con-
vective transport in approaching the phases of
minimum radius.
The RV curve of MT Tel is smoother than
that of V Ind over the entire pulsation cycle.
For this variable we have extensive measure-
ments from both du Pont and HARPS spectro-
graphs. Inspection of panels c) and d) of Fig-
ure 1 reveals that the RV amplitude from the
HARPS dataset is ∼2−3 km s−1 larger than
that from du Pont. MT Tel is the only vari-
able for which we found such a difference. We
performed a number of tests that verified the
reality of this offset. It cannot be caused by
phasing problems, since the combined optical
and NIR photometry allowed us very accurate
phasing of the two datasets. The analytical fit
displayed in Figure 1 is mainly following the
du Pont measurements, because they have a
more uniform sampling over the pulsation cycle.
We suggest that the difference is intrinsic and
possibly caused by the presence of a secondary
modulation (Blazhko effect), even though the
light curves do not show yet a clear modulation
at fixed phase. Note that HARPS spectra were
collected in a single night seven years before the
du Pont spectra (over five consecutive nights)
and the periodogram lacks of relevant secondary
peaks. This finding would suggest that accurate
RV measurements might have a stronger sensi-
tivity in detecting secondary modulations and
in constraining the tomography of variable star
atmospheres. In the next paper we will explore
more aspects of these interesting issues.
4. RESULTS
We have investigated on a more quantita-
tive basis the variation of the luminosity ampli-
tudes when moving from optical to MIR, and to
RV amplitudes and when moving from weak to
strong lines. In Figure 3 we show the Bailey dia-
gram for the RRLs for which we estimated both
luminosity and velocity amplitudes. Panels a)
and b) display quite clearly that the luminosity
amplitudes in the W1-band are roughly a fac-
tor of three smaller than in V -band. This trend
is expected because the luminosity variation in
the former band is mainly driven by tempera-
ture variations, while in the latter it is mainly
driven by radius variations. Amplitude disper-
sion at fixed pulsation period also is smaller in
the infrared. It is of the order of 20% for the V
band (σV ∼0.19 mag), while for the W1 band it
decreases to 10% (σW1 ∼0.03 mag). This out-
come applies to both RRab and RRc variables
and suggests that the dispersion is driven by
phenomena affecting the temperature variation
along the pulsation cycle. Moreover, Blazhko
RRLs (black crosses) in our sample display a
variation in the visual band of ∼0.4 mag and of
≈0.1 mag in the W1 band (Jurcsik et al. 2018).
Note that the current sample is quite represen-
tative of the RRL pulsation properties indeed
the analytical relations for OoI, Oosterhoff in-
termediate and OoII RRLs (Fabrizio et al. 2019)
provide a plausible fit of optical amplitudes.
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Figure 3. Bailey diagram, amplitude versus log-
arithmic period. Panels a) and b) display the lu-
minosity amplitude in the visual and in the W1
band. The black lines display observed relations
for OoI (solid), Oo-intermediate (dotted) and OoII
(dashed) RRLs provided by Fabrizio et al. (2019).
Panels c) and d) show RV amplitudes based ei-
ther on metallic or on Balmer lines. The red sym-
bols plotted in panel c) display BW RRLs. Hydro-
gen RV amplitudes are plotted with different colors
(panel d). Blazhko RRLs are marked with crosses.
The error bars plotted in the bottom left corner
display uncertainties in amplitudes.
Figure 3 panels c) and d) display, for the first
time, a Bailey diagram based on RV amplitudes.
In panel c) together with the current velocity
amplitudes we also included the velocity ampli-
tudes for field and cluster RRLs (red symbols)
for which a BW solution is available in the lit-
erature. Interestingly, the relative dispersion in
RV amplitudes is smaller than for visual ampli-
tudes. Indeed, the RV amplitudes are purely
tracing the radius variation along the pulsation
cycle. The result is quite clear for RRab for
which we find that the dispersion is of the or-
der of 10% (σV r ∼6 km s−1). Moreover, Blazhko
RRLs show a variation in velocity amplitude sig-
nificantly smaller (∼20%) than in visual ampli-
tude (∼40%). Unfortunately, we cannot reach
firm conclusions concerning RRc, since the sam-
ple is too small.
Panel d) of Figure 3 also shows an interest-
ing trend. The velocity amplitudes for RRab
variables based on Balmer lines attain an al-
most constant value when moving from the hot
(short-period) to the cool (long-period) edge of
the fundamental IS. The mean RV amplitudes
decrease from Hα to Hδ, but their values are
constant over the entire period range. The dis-
persion is also modest and ranges from 5 to
11 km s−1.
The RV amplitudes plotted in Figure 3 pan-
els c) and d) clearly show that the disper-
sion, at fixed period, is significantly larger than
intrinsic errors; thus, suggesting that other
physical mechanisms can contribute to the ob-
served dispersion. To investigate this intrin-
sic property quantitatively, we constructed four
HB models covering a broad range in chem-
ical compositions (Z=0.0001,0.001,0.008,0.02;
Y=0.245,0.245,0.256,0.27). The stellar masses
(M=0.75,0.65,0.57,0.55 M) were selected to be
centrally located inside the IS. The reason for
this broad range in metallicity was driven by the
relevant change in the evolutionary path inside
the IS when moving from metal-poor to metal-
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Figure 4. Top: Hertzsprung-Russell Diagram for HB models (Pietrinferni et al. 2006) constructed by
assuming different chemical compositions and stellar masses (see labeled values). The symbols mark the
position of the pulsation models we constructed by using evolutionary prescriptions (chemical composition,
stellar mass, luminosty, effective temperature). The light blue numbers mark the first three and the last
three models in the sequence of pulsation models. The symbols are large and bluish close to the ZAHB
and become smaller and greenish-reddish along the off-ZAHB evolution. Middle: Bailey diagram for visual
amplitudes. The symbols are the same as in panels a) and they are connected with solid lines following the
same color coding. Bottom: Bailey diagram for RV amplitudes based on metallic lines. The red symbols
display BW RRLs.
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rich stellar structures. We also constructed, fol-
lowing Marconi et al. 2015, a set of non-linear,
convective hydrodynamical models of RRL stars
along the HB evolutionary models to investigate
the variation of the pulsation properties in their
off-ZAHB evolution.
The top panels of Figure 4 show small
Hertzsprung-Russell Diagram regions of the HB
evolutionary models (black lines) together with
the variable models that are pulsationally sta-
ble. The color and the size of the symbols
change along the off-ZAHB evolution.
As expected, the evolution across the IS
changes significantly when moving from the
metal-poor to the metal-rich regime. Indeed, for
the most metal-poor chemical composition the
off-ZAHB evolution is redward, i.e. HB mod-
els become systematically brighter and cooler
as a function of time. The evolutionary path
becomes more complex at metal-intermediate
regime, because the evolutionary path under-
goes, in sequence, a redward, a blueward and
eventually a redward evolution approaching its
Asymptotic Giant Branch track. This means
that we are dealing with triple points, i.e. evo-
lutionary phases covering the same range in ef-
fective temperature, but slightly different lumi-
nosities (∆ Log L/L ∼0.07, Z=0.0001; ∼0.09,
Z=0.001; ∼0.11, Z=0.008; ∼0.05, Z=0.02).
This means a steady decrease in surface grav-
ity, and in turn, a steady increase in pulsation
period.
The change in the physical structure also im-
plies variation in the pulsation properties. The
middle and the bottom panels of Figure 4 dis-
play the comparison between observed and pre-
dicted amplitudes. This is the first time that
evolutionary effects are investigated in detail
along the off-ZAHB evolution. A glance at the
data plotted in this figure shows that the mod-
els, when moving from metal-poor to metal-rich
structures, attain, as expected, shorter periods
and larger amplitudes. Interestingly enough,
the most metal-poor models display a steady
decrease in amplitude when moving from hotter
to cooler effective temperatures. Note that the
smaller the symbols the faster is the evolution-
ary phase. This means that the lack of long-
period small amplitude RRLs is a mix between
the probability to find them and the sample size.
The comparison between theory and ob-
servations becomes even more interesting in
the metal-intermediate and in the metal-rich
regime, because pulsation models associated
with blueward and redward evolutionary phases
attain very similar values in the Bailey diagram.
This means that RRLs in their off-ZAHB evolu-
tion move back and forth in the Bailey diagram
covering a modest range in period, but a large
range in amplitude. This indicates that a sig-
nificant fraction of the dispersion in the Bailey
diagram is caused by the evolutionary status of
RRLs. Theory and observations agree quite well
over the entire metallicity range. Note that pre-
dicted amplitudes are affected by uncertainties
in the mixing length parameter adopted to treat
time-dependent convective transport in hydro-
dynamical models of radial variables (Bono &
Stellingwerf 1994). However, we are using pre-
dicted amplitudes in the relative sense, i.e. we
are interested in the variation of the pulsation
amplitudes when moving from the blue to the
red edge of the IS and not in their absolute
value.
The comparison in the Bailey diagram for
RV amplitudes shows similar results. Note
that to compare theory and observations we
adopted a projection factor, the ratio between
pulsation velocity and RV, p=1.33 (Jones et al.
1992). The comparison in this plane is even
more compelling because RV amplitudes are
marginally affected by nonlinear phenomena
and by secondary modulations. Interestingly,
predicted and observed velocity amplitudes dis-
play a quadratic variation when moving from
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the blue to the red edge of the IS, while the lu-
minosity amplitudes show a more linear trend.
5. CONCLUSIONS
We investigated the properties of the Bailey
diagram based on luminosity (optical/MIR) and
on RV amplitudes. We collected homogeneous
RV measurements for four dozen of field RRLs.
The current measurements double the sample of
RRLs with a good coverage of the entire pulsa-
tion cycle. We investigated the dependence of
luminosity amplitudes on nonlinear phenomena,
secondary modulations and evolutionary effects.
The impact of these effects is mitigated when
moving from the visual to the MIR bands, be-
cause the variations along the pulsation cycle
are mainly driven by radius than by tempera-
ture changes. This trend becomes even more
compelling in dealing with RV amplitudes, in-
deed, we found that the dispersion, at fixed pe-
riod, is systematically smaller when compared
with luminosity amplitudes. Moreover, Blazhko
RRLs display smaller variations in velocity am-
plitudes than in luminosity amplitudes.
We constructed four different HB evo-
lutionary models covering a broad range
in metal contents (Z=0.0001,0.001,0.008,0.02;
Y=0.245,0.245,0.256,0.27) and a sizable sample
of nonlinear, convective hydrodynamical mod-
els of RRLs to constrain the impact of the off-
ZAHB evolution on their pulsation properties.
We found that evolutionary effects take account
for the vertical structure (dispersion in ampli-
tude) of the Bailey diagram based on RV am-
plitudes. Thus, we suggest that the dispersion
in period is mainly caused by variation in the in-
trinsic parameters of RRLs (stellar mass, chem-
ical composition).
The current findings are suggesting that RV
amplitudes are not only independent of distance
and reddening, but also less prone to ampli-
tude variations caused by nonlinear phenomena
and secondary modulations. This means that
RV amplitudes are an optimal diagnostic for
the variation of the mean effective temperature
across the IS of RRab.
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